1 7 Highlight 1 8
reared on three-week-old barley plants in a climate chamber under the same conditions. To 1 1 7 obtain synchronized insects, reproductive mature aphids were placed in clip cages (one aphid 1 1 8 per cage) on GP plants for 24 h. The adults were then removed, and the offspring were used 1 1 9 for experiments as previously described (Gaupels et al., 2008; Schmitz et al., 2012) . For spray experiments, the clone p7i-Ubi-Shp-RNAi that includes a partial sequence of the MEGAscript ® protocols. Primer pairs T7_F and T7_R with T7 promoter sequence at the 5` 1 2 7 5 end of both forward and reverse primers were designed for amplification of dsRNA (S1 1 2 8 Table) . Spray application of dsRNA 1 3 0
Second leaves of 2-3-wk-old barley cv. GP were detached and transferred to square petri 1 3 1 plates containing 1% water-agar. The dsRNA was diluted in 500 μ l water to a final 1 3 2 concentration of 20 ng μ l -1 . As a control, TRIS/EDTA (TE) buffer was used in a concentration semi-systemic setup where lower leaf segments were covered with a plastic tray as described For the RNA translocation assays barley seedling were grown in petri dishes for one week. The seedlings were then placed into moist filter paper rolls and grown for 4 days before cutting all aphid stylets, the DEPC water droplets were removed with a paper towel and the Tetracycline 5 mM), and 50nl RNAse Inhibtor (Invitrogen) (with traces of Bromophenol Blue 1 6 0 6 for optical verification) was injected into each sieve tube sap sample at the beginning of the to 2 µl per stylet over 24 h. The samples of each treatment were pooled and stored at -80°C. To assess silencing of the Shp gene, mRNA expression analysis was performed using JumpStart Taq ReadyMix (Sigma-Aldrich, Steinheim, Germany) and 0.5 pmol of the gene- specific primers Shp-RNA-qpcr-F1 and Shp-RNA-qpcr-R1 (Table S1 ). After initial heating to Only reads with a length between 19 bp and 30 bp in the first pair of the paired end dataset 1 8 9
were analysed. The reads were mapped to the shp-dsRNA vector sequence using bowtie2 1 9 0 (Langmead and Salzberg 2012) with "-very-sensitive -L 10" to identify sRNAs with a perfect 1 9 1 match. The libraries contained 4.1 and 3.5 (control) million reads before trimming and 1 9 2 filtering and 0.6 and 0.3 million reads after trimming and filtering. Mobile cell non-autonomous inhibitory RNAs that spread gene silencing into adjacent cells control leaves sprayed with Tris-EDTA (TE) buffer ( Fig. 1 ), suggesting that the transfer of 2 2 3 inhibitory RNA from the plant phloem sap to the insect was successful. investigate whether the sprayed Shp-dsRNA is translocated in the phloem and/or processed by 2 2 8 the plant's silencing machinery. To this end, we used aphid stylectomy to gain access to pure 2 2 9 phloem sap of barley leaves (Fig. 2 A-C) . Stylectomy is commonly used to study a broad parts. Using confocal laser scanning microscopy, a green fluorescent signal was detected 24 h 2 3 6 after feeding (48 h after spraying) and cutting at the stylet tip (Fig. 2 D) . Together these data 2 3 7
show that sprayed Shp-dsRNA is transferred via the plant's phloem. We addressed the question whether the phloem-transferred Shp-dsRNA is stable during 2 4 1 transport or alternatively at least partially processed into small interfering RNAs. To test this 2 4 2 possibility, we profiled Shp-dsRNA-derived siRNAs in the phloem sap after isolation using in distal (non-sprayed) leaf segments (Fig. 3) . These data suggest that Shp-dsRNA-derived The RNA silencing signal can travel over long distances and trigger silencing in distant plant RNA in leaves, shoots and roots at different timepoints after spray application using qRT- (approximately 1 cm) of the first leaf uncovered. Using this approach we found that the 2 6 0 9 CYP3RNA translocate from the first (sprayed) leaf into the second leaf as well as the shoot 2 6 1 tissue over time (Fig. 4) , the amount of sprayed dsRNA decreased from 1 d to 3 d after spray 2 6 2 (das) application in leaves and shoots. Interestingly, the amount of dsRNA within the roots 2 6 3 increased from 1das to 3 das (Fig. 5) , indicating a translocation route from leaves to roots.
6 4
However, to test whether the amount of transferred, SIGS-derived RNAs is sufficient to 2 6 5 provoke target gene silencing, we inoculated the plants with Fg and measured the transcript 2 6 6 level of FgCYP51 target genes in leaves, shoots and roots of infected plants (Fig. 6) . Notably, 2 6 7
we measured the strongest target gene silencing in the first leaf, the leaf that was spray which is still very high. In the analysed shoot and root tissue we found 50% silencing of the control plants suggesting that the amount of transferred RNA has the potential to prevent 2 7 5 plants from Fg infection (Fig. 7) . RNA sprays may provide an alternative strategy to avoid chemical pesticides and genetically RNA biopesticides is critical for its successful future application in the field. To prove 2 9 5 phloem-mediated transport of SIGS-associated RNAs we decided to transfer a HIGS approach 2 9 6 established for a phloem-sap sucking grain aphid Sitobion avenae (Abdellatef et al., 2015) to 2 9 7 a SIGS proof-of-concept study. To investigate uptake and transport of sprayed dsRNA, we was reduced by almost 60% compared to aphids that fed on buffer-sprayed controls (Fig. 1) ,
suggesting that the transfer of inhibitory RNA from the plant phloem sap to the insect was 3 0 4
successful. Next, we conducted another experiment to investigate whether the spray-applied 3 0 5
Shp-dsRNA is translocated in the phloem and/or processed by the plant's silencing to the phloem sap of barley leaves (Fig. 2) . To further explore the phloem-mediated transfer stylectomy at the distal, non-sprayed leaf parts. Using CLSM, we detected a green fluorescent 3 1 3 signal after cutting off the stylet tip of feeding aphids (Fig. 2 D) . These results are consistent sections revealed that the fluorescence was not confined to the apoplast but also was present in trichomes and stomata (Koch et al., 2016) . Supportively, apoplastic movement of RNA has 3 2 0 been proposed, e.g. to explain how maternally expressed siRNAs could be transferred from 3 2 1 the endosperm of developing seeds into the symplastically isolated embryo (Martienssen 3 2 2 1 1 2010). However, the mechanism by which the sprayed RNA overcomes the apoplastic-3 2 3 sypmastic barrier is yet unknown.
2 4
Despite of the translocation of dsRNA, we found that also CYP3RNA-derived 21 nt and 22 nt 3 2 5 siRNAs accumulated in the distal leaf segments, demonstrating that CYP3RNA was partly 3 2 6 processed by the plant (Koch et al., 2016) . Therefore, we predict that SIGS-derived siRNAs 3 2 7
would also translocate via the barley phloem. To test this possibility, we additionally profiled 3 2 8
Shp-dsRNA-derived siRNAs using stylectomy. Small RNA-sequencing analysis revealed 3 2 9
Shp-dsRNA-derived siRNA in distal (non-sprayed) leaf segments (Fig. 3) . These data suggest 3 3 0
that Shp-dsRNA-derived siRNAs also are processed by the plant's silencing machinery and 3 3 1 are systemically transferred via the phloem. Importantly, we have previously shown that, genes. This finding that unprocessed long dsRNA is absorbed from leaf tissue has important 3 3 8
implications for future disease control strategies based on dsRNA. It is very likely that 3 3 9
application of longer dsRNAs might be more efficient than application of siRNAs given their leaves over stems to the root tissue within three days after spray treatment (Fig. 4) . Moreover, 3 5 2
we found that the transferred SIGS-associated RNAs confer target gene silencing in the respective tissues as well as Fg disease resistance (Fig. 7, Koch et al., 2019) . Interestingly, we Gene-specific expression of Shp was measured by qRT-PCR and normalized to aphid 18S 5 5 4
ribosomal RNA (GenBank APU27819) as reference gene. cDNA was generated after total 5 5 5
RNA extraction from aphids at 5 days of inoculation after dsRNA spray. The reduction in Shp
